P
hosphorus is an essential nutrient for plants and is fundamental for promoting the proper growth of crops (Marschner, 2012; Rosen and Bierman, 2008) . However, P is oft en slowly available to plants within the soil environment, especially in tropical and subtropical soils, because a large proportion of P is sorbed to the reactive clay surfaces and forms insoluble complexes with cations, particularly Al and Fe under acidic soil conditions (Ramaekers et al., 2010; Sandaña and Kalazich, 2015) .
Potato has a high nutrient demand (Jenkins and Mahmood, 2003; Fernandes et al., 2011b; Soratto et al., 2011) due to its short development cycle and high yield. It also has a low P uptake effi ciency, especially when grown in soils defi cient in P (Dechassa et al., 2003; Hopkins et al., 2014) . Phosphorusdefi cient potato plants typically exhibit limited root, stem, and leaf growth, reduced yield and quality of the tubers, and late maturity compared with plants adequately supplied with P (Fontes et al., 1997; Freeman et al., 1998; Alvarez-Sánchez et al., 1999; Jenkins and Mahmood, 2003; Rosen and Bierman, 2008; Fleisher et al., 2013; Sandaña and Kalazich, 2015) . Th us, a P supply increases the P uptake, DM production and tuber yield of potato plants (Alvarez-Sánchez et al., 1999; Jenkins and Mahmood, 2003; Fernandes and Soratto, 2012; Sandaña and Kalazich, 2015) , especially in soils with low P availability . However, the eff ect of P on DM allocation to the tubers of potato cultivars is not well understood. Sandaña and Kalazich (2015) found that the HI of 22 potato cultivars was not aff ected by the P availability in the soil. In contrast, Fernandes et al. (2015) observed in a preliminary controlled greenhouse experiment that fi ve cultivars (Agata, Asterix, Atlantic, Markies, and Mondial) showed diff erences in their HI in response to the P supply.
In addition to aff ecting plant growth and yields, P can also change the uptake of other nutrients, resulting in diff erences in the nutrient concentration in diff erent plant parts (Jenkins and Mahmood, 2003; Srek et al., 2010; Fernandes and Soratto, 2012; Fernandes et al., 2015) . In many crops, studies have shown that P fertilization increases plant growth and N uptake (Sumner and Farina, 1986; Fageria, 2001; Graciano et al., 2006; Sharma et al., 2011) . In addition, P fertilization may interfere in the uptake of
Phosphorus Effects on Biomass Accumulation and Nutrient
Uptake and Removal in Two Potato Cultivars
ABstRAct
Information on the eff ect of P fertilization on nutrient uptake and removal by potato (Solanum tuberosum L.) cultivars is required for proper soil nutrient management. Th is study was performed to evaluate how dry matter (DM) accumulation and partitioning, the uptake of nutrients, and their allocation to the tubers and removal in potato cultivars (Agata and Mondial) are aff ected by the P fertilization rates (0, 125, 250, 500 , and 1000 kg ha -1 P 2 O 5 ) placed in the furrow at planting as triple superphosphate. An experiment was conducted over 2 site-years in loam clayey Oxisols with low P availability in São Paulo State, southeastern Brazil. Both cultivars exhibited very similar DM accumulation, tuber yield, and nutrient uptake and allocation to the tubers when P was not supplied at planting. Phosphorus fertilization greatly increased the DM accumulation and nutrient uptake and removal of both cultivars. Th e cultivar Mondial was more responsive to P fertilization and its uptake and removal of N, P, K, Ca, Mg, B, and Zn were greater than for Agata. Application rates of P 2 O 5 exceeding 500 kg ha -1 only increased the uptake of Ca and P and the removal of P, but the plant growth and tuber yield did not increase above this P rate. Th e harvest index (HI) and the nutrient allocation to the tubers were not aff ected by the P rates and barely diff ered between the cultivars. Diff erences in nutrient removal between the cultivars were more related to the tuber DM yield than the HI. 
core ideas
• Potato biomass accumulation is positively related to an adequate P supply.
• Phosphorus fertilization greatly increases nutrient uptake and removal of potato cultivars.
• Th e cultivar Mondial is more responsive to P fertilization than Agata.
• Th e harvest index and nutrient allocation to the tubers are not aff ected by P application rates.
• Nutrient removal by each potato cultivar is more related to the tuber yield than the harvest index.
Mg (Fageria, 2001) , Ca (Nichols and Beardsell, 1981; Torres and Suarez, 2014) , S (Aulakh and Pasricha, 1977; Torres and Suarez, 2014) , and Zn (Fageria, 2001; Barben et al., 2010b) . Information on the effects of P fertilization on uptake and nutrient removal by potato crops is incipient and controversial. For example, Maier et al. (2002) reported that P fertilization significantly increased the N, Cl, and Zn concentrations in potato leaves, whereas the K, Mg, S, Mn, and Fe concentrations were decreased, and the Ca, B, and Cu concentrations were increased or decreased depending on the experiment. Srek et al. (2010) found that higher P application rates increased the uptake of N, P, K, Ca, Mg, and S, although no effect on Zn uptake was found.
In a greenhouse study with 10 and 111 mg dm -3 P in the soil, Fernandes et al. (2015) found that the low P availability reduced the concentration of some of the other nutrients in the potato plant organs and also reduced the uptake and proportion of certain nutrients allocated to the tubers. According to Munda et al. (2015) , a high soil P availability increased the uptake of N, P, and K by potato plants. However, some studies have shown that an excessive P supply is also detrimental to the crop because it can reduce DM production (Barben et al., 2010a) and tuber yield (Hopkins et al., 2010) , probably by inducing a deficiency of other nutrients, such as Zn, Mn, Cu, and Fe (Barben et al., 2010a) . In Brazil, potato production is concentrated to only a few cultivars, with the cultivars Agata and Mondial (ECPD, 2016) being among the most planted in various regions of the country due to the high yield and quality of the tubers for the fresh market (Fernandes et al., 2011a) . The main potato cultivars grown in Brazil exhibit differences in tuber yield (Fernandes et al., 2011a) and in the amounts of nutrients taken up and removed by the tubers (Fernandes et al., 2011b; Soratto et al., 2011) . According to Fernandes et al. (2015) , potato cultivars exhibited differences in the uptake and allocation of various nutrients to the tubers in response to P supplied under controlled greenhouse conditions. We hypothesized that the P supply level may have varying influences on the DM accumulation, HI, uptake of nutrients, and their allocation to the tubers of potato cultivars. However, there is no available information on the influence of P fertilization on DM accumulation and nutrient uptake, allocation to the tubers, and removal by the cultivars Agata and Mondial in a field production environment, which hinders the development of rational fertilization strategies to maximize tuber yield.
This study was undertaken to evaluate DM accumulation and partitioning, the uptake of nutrients, and their allocation to the tubers and removal by the potato cultivars Agata and Mondial in response to various P fertilizer rates in soils with low P availability. Raij et al. (2001) , soil samples were collected each site-year at depths of 0 to 20 cm immediately before planting to determine the chemical characteristics ( Table 1) .
MAteRiALs
The region has a Cwa climate (tropical, with a dry winter and a hot, rainy summer) according to the Köppen classification system. The daily rainfall, irrigation, and temperatures were measured during the experimental period (Fig. 1) .
experimental design and treatments
The experimental design was a randomized complete block with a 2 × 5 factorial scheme and four replications. The treatments consisted of two potato cultivars (Agata and Mondial) and five P rates (0, 125, 250, 500, and 1000 kg ha -1 P 2 O 5 equivalent to 0, 55.5, 111, 222, and 444 kg ha -1 P) applied in the planting furrow as triple superphosphate (45% P 2 O 5 ). The plots (4 by 5 m) comprised five 5-m-long rows with a 0.80-m row spacing. The three central rows were considered for data collection, the 0.5 m at the end of each row and the two outer rows of the plot were disregarded.
Potato Planting and Management
The farmer followed his own management plan for the potato crop cycle and was responsible for all activities associated with soil tillage, furrow treatment, irrigation, hilling, potato shoot termination, and the management of pests, weeds, and diseases.
The soil was tilled using the following operations: heavy disk harrowing (twice), and chiseling and light harrowing on the eve of planting. Potato was planted on 28 Apr. 2011 and 17 June 2012. The furrows were mechanically opened using a furrower-planter with 0.80-m spacing between the furrows. Potassium fertilization was performed according to the soil analysis results (Table 1 ) and the recommendations of Lorenzi et al. (1997) . In 2011, all plots received 62 kg ha -1 N (ammonium sulfate, 20% N and 22% S) and 124 kg ha -1 K 2 O (potassium chloride, 60% K 2 O), equivalent to 103.5 kg ha -1 K. In 2012, 62 kg ha -1 N (ammonium sulfate) and 150 kg ha -1 K 2 O (potassium chloride), equivalent to 125.3 kg ha -1 K, were applied. Phosphorus fertilizer was also applied in the planting furrow according to the treatments. The fertilizers were manually applied and incorporated into the furrows using a hoe. . Sidedressing fertilization consisted of 43 kg ha -1 N (urea), applied at 22 DAP, in the first site-year. In the second site-year, the K availability in the soil was lower (Table 1) , and the sidedressing fertilization consisted of 32 kg ha -1 N (urea) and 100 kg ha -1 K 2 O (potassium chloride), equivalent to 83.5 kg ha -1 K, applied at 29 DAP. During both site-years, thiamethoxam (150 g a.i. ha -1 ) and fluazinam (1035 g a.i. ha -1 ) were applied simultaneously with hilling immediately after sidedressing.
In both site-years, crop management was performed in accordance with the cultural practices for the potato crops in the region, including sprinkler irrigation. The control of pests and diseases was accomplished using insecticides and fungicides recommended for potato.
Potato shoot killing (desiccation) was performed using the herbicide diquat (1,1¢-ethylene-2,2¢-bipyridyldiylium dibromide) at a rate of 331 g a.i. ha -1 on 18 Aug. 2011 (112 DAP) and 24 Sept. 2012 (99 DAP).
Plant Measurements and sampling
One day before shoot desiccation, that is, 17 Aug. 2011 (111 DAP) and 23 Sept. 2012 (98 DAP), four plants in the tuber maturation stage were collected from the analysis area of each plot. After collection, the plants were divided into shoots (leaves, stems, and stolons), roots, and tubers. All parts of the plants were washed with deionized water. The plant shoots of each sample were divided into three or four subsamples, placed separately into paper bags with a 15-kg capacity, and dried in an oven with forced-air circulation at 65°C for 96 h. The root samples were dried in the same way as the plant shoots, but were not divided into subsamples. Each fresh tuber sample was weighed, and a subsample was collected, weighed (fresh weight), sliced, and dried in an oven with forced-air circulation at 65°C for 96 h, separate from the other plant parts. Thereafter, the dry plant parts were weighed, and the DM accumulation was calculated in the whole plant and the tubers.
Potato plants were harvested on 4 Sept. 2011 (129 DAP) and 10 Oct. 2012 (115 DAP). Tubers from two 1.5-m-long rows (10 plants) in the useful area of each plot were harvested, washed, and weighed to determine the tuber yield. The tuber samples were sliced and dried in an oven with forced-air circulation at 65°C for 96 h. Thereafter, the tubers were weighed to determine the tuber DM. All dry plant tissues were separately ground to pass through a 40-mesh stainless steel sieve for subsequent chemical analysis.
The DM was determined by summing the values obtained for the root systems, shoots, and tubers of the plants harvested before shoot killing. The HI was calculated as the proportion of tuber DM obtained in the final tuber harvest relative to the total plant DM determined before shoot killing (Jenkins and Mahmood, 2003) . 
nutrient determinations in Plant tissues
All of the dry plant tissues were chemically analyzed to determine the nutrient (N, P, K, Ca, Mg, S, B, and Zn) concentrations. The N concentration in the plant tissues was determined by H 2 SO 4 (sulfuric acid) digestion and quantified using the semi-micro-Kjeldahl method (Malavolta et al., 1997) . The P, K, Ca, Mg, S, and Zn concentrations were determined by atomic absorption spectrophotometry after HNO 3 (nitric acid)-HClO 4 (perchloric acid) digestion (Malavolta et al., 1997) . The B concentration was colorimetrically determined using the azomethine-H method after ashing the plant samples at 550°C and dissolving the ash in dilute HCl (Malavolta et al., 1997) .
The accumulated nutrient amounts in the plant organs were calculated by multiplying the nutrient concentration by the accumulated DM in each plant organ. The values for each plant organ were subsequently summed to obtain the nutrient uptake for the whole plant. Nutrient allocation to the tubers was calculated as the proportion of nutrients accumulated in the tuber harvested after shoot killing relative to the nutrient uptake for the whole plant determined before shoot killing.
statistical Analyses
The data were analyzed using the SISVAR statistical software package (Ferreira, 2011) . The blocks and all of the block interactions were considered to be random effects. The siteyear, cultivar, and P fertilizer rate were considered to be fixed effects. However, as the primary objective was to study the response of the potato cultivars to the P rates and there was no significant interaction between site-years and P rates, we only considered the significant effects of the cultivar, P rate, and the cultivar × P rate interaction, and data were combined across the 2 site-years. For the main effects of the cultivar, only the F test was utilized. The P rates were analyzed using regression analysis, where significant (P < 0.05) regression equations with the highest coefficients of determination and those that best explained the relationship between the P rates and dependent variables were selected and plotted using SigmaPlot 10.0 software (Systat Software, Inc., San Jose, CA). To analyze the significant cultivar × P rate interaction, the cultivar means were separated using Fisher's protected LSD test at the 0.05 probability level, and the regression equations were adjusted to the values of each cultivar separately.
ResuLts

Biomass Accumulation
The whole plant DM accumulation, fresh tuber yield, and tuber DM yield were affected by the cultivar, P rate, and the cultivar × P rate interaction (Table 2) . Phosphorus fertilization (up to 500 kg ha -1 P 2 O 5 ) increased the whole plant DM accumulation and the fresh and DM tuber yields of both cultivars (Fig. 2) . The cultivar Mondial had greater DM accumulation and fresh tuber yield compared with Agata in all treatments that received P fertilizer in the furrow at planting. 
Plant nutrient concentrations
There was no significant cultivar × P rate interaction for the nutrient concentrations (Table 3 ). The Mondial roots had higher N, Ca, and B concentrations than those measured in Agata. However, the N, K, Mg, B, and Zn concentrations in the shoots of Agata were lower and/or similar to those measured in Mondial. Only the Ca concentration was higher in the Mondial tubers compared with those of Agata, and the B concentration did not differ between the cultivars. The concentrations of the other nutrients in the tubers were consistently lower in Mondial. Phosphorus fertilization increased the P, Mg, and S concentrations, decreased the N and Zn concentrations, and had no effect on the K, Ca, and B concentrations in the roots. In the shoots, an increase in the P rate decreased the N, K, S, and Zn concentrations, did not change the B concentration, and increased the concentrations of the other nutrients. Phosphorus fertilization did not affect the N, K, Mg, and B concentrations, but increased the P and Ca concentrations and decreased the S and Zn concentrations in the tubers.
total nutrient uptake
The cultivar Mondial exhibited greater nutrient uptake with the exception of S uptake, which was not affected by cultivar ( Table 2 ). The uptake of all nutrients was affected by the P application rates, and the uptake of N, Ca, and B was also affected by the cultivar × P rate interaction. The uptake of N and B by both cultivars increased up to P application rates of 500 and 700 kg ha -1 P 2 O 5 , respectively, whereas Ca uptake increased up to the highest P rate (Fig. 3a, 3d, and 3g) . In all of the treatments with P fertilization, the cultivar Mondial took up more B than Agata, although Mondial only exhibited greater N and Ca uptake at rates of 125 and 250 kg ha -1 P 2 O 5 . The uptake of P and Mg increased up to the highest rate of P application rate used in this study, although the uptake of K, S, and Zn increased for P application rates as high as 500 (K and Zn) and 678 (S) kg ha -1 P 2 O 5 (Fig. 3b, 3c , 3e, 3f, and 3h). On average, the application of P increased the uptake of N, P, K, Ca, Mg, S, B, and Zn by 143, 262, 133, 201, 143, 116, 148 , and 92%, respectively.
harvest index, nutrient Allocation to the tubers, and nutrient Removal
The HI was not affected by the factors studied (Table 4 ). The studied factors had also no effect on the allocation of N, P, K, Mg, S, and Zn to the tubers. The allocation of Ca and B to the tubers was affected only by cultivar, and the cultivar Mondial allocated more of these nutrients to the tubers than Agata.
Sulfur removal by the tubers was only affected by the P application rate (Table 2 ). The removal of N, K, Ca, B, and Zn by the tubers was affected by the cultivar and P rate, whereas the removal of P and Mg was also affected by the cultivar × P rate interaction. The cultivar Mondial exhibited greater nutrient removal with the exception of S. Regardless of cultivar, the use of P fertilization increased the removal of N, Ca, S, B, and Zn for applications rates up to 500 kg ha -1 P 2 O 5 (Fig. 4a, 4d, 4f, 4g, and 4h) , whereas the removal of K increased up to an estimated P application rate of 403 kg ha -1 P 2 O 5 (Fig. 4c) . Moreover, P removal increased up to the highest P application rate used in this study (Fig. 4b) . At the P 2 O 5 rate of 250 kg ha -1 , the cultivar Mondial removed more P than Agata. Phosphorus fertilization increased the removal of Mg by both cultivars for applications rates up to 250 kg ha -1 P 2 O 5 (Fig. 4e) . In all of the treatments fertilized with P, the cultivar Mondial exhibited significantly greater Mg removal than Agata. discussion In the absence of P fertilization, the whole plant DM and the fresh and DM tuber yields did not differ between the cultivars, although the cultivar Mondial exhibited the largest increase in these variables in response to P fertilization (Fig. 2) . This, indicates that the response to P supply varies between potato cultivars (Jenkins and Ali, 1999) . The higher DM production and tuber yield of potato plants grown under high P application rates are due to the greater development of lateral branches, more leaves, and higher photosynthetic leaf areas (Jenkins and Mahmood, 2003; Fleisher et al., 2013) . In a controlled greenhouse experiment, Soratto et al. (2015) classified the cultivars Agata and Mondial as efficient based on their P uptake capabilities; however, the cultivar Mondial was considered to be more responsive to available P in the soil. At high P availability, Soratto et al. (2015) found that the cultivar Mondial exhibited greater DM partitioning to the tubers (HI) compared with Agata; however, this was not observed in the current study (Table 4 ). There was a significant DM and tuber yield response of both cultivars up to a rate of 500 kg ha -1 P 2 O 5 (Fig. 2) , although the larger responses occurred for lower P application rates. This indicates that the crop response to P fertilization is not associated with the P application rate despite the reported small increases in the fresh tuber yield (Fontes et al., 1997; Luz et al., 2013) and the increase in potato DM production (AlvarezSánchez et al., 1999) at very high rates. However, some authors have observed a reduction in the tuber yield (Hopkins et al., 2010) and potato DM production (Barben et al., 2010a) at high P application rates. The HI of the potato plants was not affected by P fertilization (Table 4) , which was also observed by Sandaña and Kalazich (2015) . Table 3 . Nutrient (N, P, K, Ca, Mg, S, B, and Zn) concentrations in the roots, shoots, and tubers before shoot desiccation and in the tubers at the final harvest of the potato cultivars as affected by the P application rate. Data are the means of the 2 site-years. 14.3 14.1 13.9 y = 13.862 + 3.29exp(-0.0062x) 0.98 0.016 † Cultivar × P rate interaction was not significant at P £ 0.05 for all variables. ‡ Values followed by same letter within a row for the cultivar factor are not significantly different at P £ 0.05. § ns: not significant at P £ 0.05. The uptake of the nutrients studied (except Ca) was higher in cultivar Mondial than in Agata due to its higher DM production (Table 2 ). According to Srek et al. (2010) , nutrient uptake by the potato crop is determined by the tuber yields rather than by the nutrient concentrations in the tubers. Despite this, Fernandes et al. (2014) reported that under P-sufficient conditions, the cultivar Mondial exhibited a greater P uptake capacity due to a balance between morphological root characteristics (medium/large length and surface area) and physiological parameters (medium/high maximal P influx rate (I max ) values and net P influx).
Plant organ †
The maximum uptake of N, K, Mg, S, B, and Zn occurred at P application rates of approximately 500 kg ha -1 P 2 O 5 , that is, the application rate that resulted in the maximum DM accumulation (Fig. 2 and 3) . Thus, the increased uptake of these nutrients occurred due to the higher DM production of the plants because the P application did not change or decrease the concentrations of these nutrients in the plant organs (Fig. 2 and Table 3 ). According to Maier et al. (2002) , P fertilization increased the N and Zn concentrations in potato leaves, whereas the K, Mg, and S concentrations were decreased and the Ca and B concentrations were increased or decreased depending on the experiment. Munda et al. (2015) also found that high P availability in the soil increased the uptake of N and K by potato plants. Although previous work has indicated that an excessive P supply can decrease the uptake of S (Aulakh and Pasricha, 1977) and Zn (Barben et al., 2010b) , our results indicated that high P application rates did not decrease the uptake of these nutrients, although their concentrations were reduced in different plant organs due to the dilution effect caused by the increased DM accumulation (Fig. 2 and 3 and Table 3 ). Fernandes et al. (2015) also found lower S and Zn concentrations, primarily in the leaves of the cultivars Agata and Mondial under high P availability, but the S uptake was not reduced. Torres and Suarez (2014) also found higher S uptake by criolla potato (S. phureja Juz. et Buk.) in a treatment that received a relatively high P rate and that resulted in greater DM accumulation, even though S fertilizer was applied in other treatments. Srek et al. (2010) found that higher P application rates increased the tuber yield and did not affect the uptake of Zn, suggesting the presence of reduced micronutrient levels in the plant. In addition to increasing the uptake of K, higher P applications rates decreased the K concentrations in the shoots without affecting the concentrations in the tubers (Fig. 3 and Table 3 ). This indicates that P supply can cause the dilution of K in the shoots of potato plants or interfere with K allocation to the tubers, as suggested by recent studies (Fernandes and Soratto, 2012; Fernandes et al., 2015) . Fernandes et al. (2015) also found that under high soil P availability, some potato cultivars showed no reduction in the K concentration in the tubers because there was a greater proportion of K taken up by this organ than under low P availability, and this was related to the higher HI promoted by the high soil P availability. In the presence of P fertilizer, the cultivar Mondial took up greater amounts of B than Agata due to its higher DM production ( Fig.  2 and 3 g ). However, because of the lower N concentration in the tubers, the uptake of N by the cultivar Mondial was similar to that of Agata, especially at high P application rates (Table 3 and Fig.  3a ). This result demonstrates that the cultivars with the greatest DM accumulation do not always have the greatest nutrient uptake . Phosphorus fertilization enhanced the uptake of P up to the highest P application rate used in this study (Fig. 3) . This occurred due to increases in DM accumulation and small increases in the P concentrations in the different plant organs (Fig. 2 and Table  3 ). Previous research has demonstrated that potato plants grown under low P availability exhibited lower P uptake, ranging from 50 to 81%, compared with plants grown in areas with high P availability (Alvarez-Sánchez et al., 1999; Balemi, 2011) . Maier et al. (2002) also found that P fertilization significantly increased the P concentrations in the leaves and tubers of potato plants in greenhouse and field experiments. Increasing the P concentration in potato plants with P applications rates higher than those that resulted in the maximum DM production were also observed in a study on nutrient solutions (Fernandes and Soratto, 2012) and soil conditions (Alvarez-Sánchez et al., 1999; Rosen and Bierman, 2008) . This finding indicates that the use of high P application rates may cause unnecessary P uptake because the DM production did not increase at the same rate in response to the higher P rates (Fig. 2  and 3 ). The Ca uptake also increased up to the highest P application rate used in this study because of the increased Ca concentrations in the shoots and tubers provided by the phosphate fertilization. This was especially observed for the cultivar Mondial, which took up more Ca and had higher Ca concentrations in the roots and tubers sampled before the desiccation of the shoot (Table 3 and Fig. 3d ). Previous studies have indicated that high P availability can increase Ca uptake (Nichols and Beardsell, 1981; Torres and Suarez, 2014; Fernandes et al., 2015) . Recent studies have shown increased Ca concentrations in the shoots of potato with an increase in the P supply using nutrient solutions (Fernandes and Soratto, 2012) and soil . In this study, although the soils had high initial Ca concentrations , which accounted for more than 40% of the soil effective cation exchange capacity, the presence of 12% Ca in the triple superphosphate fertilizer may have also favored the uptake of Ca by plants in response to the P application rate (Table 1 and Fig. 3d) .
The largest allocations of Ca and B to the tubers, exhibited by the cultivar Mondial, were probably due to its higher tuber DM yield (Tables 2 and 4) . Fernandes et al. (2015) found that the differences in the allocation of nutrients to the tubers of potato cultivars were also associated with changes in the HI and the nutrient concentrations in the tubers. Small variations in the Ca and B concentrations in the different plant organs of the cultivars may also have contributed to the observed differences. The nutrients that were allocated in higher proportions to the tubers included N, P, and K, that is, 86, 83, and 79%, respectively (Table 4) , which are close to the values found by Fernandes et al. (2011b) , especially for P and K. Similar to the results presented by Fernandes et al. (2011b) and Fernandes et al. (2015) , Ca had the lowest allocation in the potato tubers (<21%). The Ca taken up by the main root system of the potato plant is transported to the shoot with the transpiration flow, but it is not re-translocated via the phloem from the aerial shoot to the tubers (Busse and Palta, 2006) . For the other nutrients, there was no difference between the cultivars with respect to nutrient allocation because Agata exhibited higher nutrient concentrations in the tubers and lower concentrations in the shoots compared with Mondial (Tables 3 and 4 ). This result shows that higher DM allocation to different plant parts does not necessarily indicate high nutrient allocation to these structures . In contrast to the results reported for a controlled greenhouse experiment by Fernandes et al. (2015) , the allocation of any nutrient to the tubers was not affected by P supply in the current study.
The cultivar Mondial exhibited greater N, P, K, Ca, Mg, B, and Zn removal by the tubers than Agata (Table 2 ). This result was probably due to the greater tuber DM yield for the cultivar Mondial because there was no HI difference between the cultivars and Agata exhibited higher nutrient concentrations in the tubers compared with Mondial (Tables 3 and 4) . Only S was removed in similar amounts for both cultivars. Other studies have shown that higher nutrient removal is not always related to tuber yield (Fernandes et al., 2011b) because there may be significant differences in the nutrient concentrations in the tubers (Srek et al., 2010; Haynes et al., 2012) .
The removal of K and Mg increased only up to a P application rate of 250 kg ha -1 P 2 O 5 ( Fig. 4c and 4e) , whereas increased N, Ca, S, B, and Zn removal occurred up to an application rate of 500 kg ha -1 P 2 O 5 (Fig. 4a, 4d, 4f, 4 g, and 4h ). These results show that although the phosphate fertilizer did not affect the HI, it did not change or even decreased the concentrations of some nutrients in the tubers at harvest. The phosphate fertilizer significantly increased the removal of all nutrients by resulting in a significant increase in both the fresh and DM tuber yields, which was also reported by Srek et al. (2010) . Only the removal of P increased up to the highest P application rate used in this study (Fig. 4b) . This result was due to the increased P concentrations in the tubers at harvest, which were promoted by the high P application rates (Table 3 ). The movement of P in plants is determined by translocation and their carbohydrate requirements (Houghland, 1960; Marshall and Wardlaw, 1973) . Thus, P is a nutrient that moves from the shoots to the tubers during potato growth (Houghland, 1960) . During the final tuber bulking stage, the amount of P transported to the tubers may be greater than the plant's uptake (Fernandes et al., 2011b) . The cultivar Mondial exhibited greater P removal than Agata at P application rates of 125 and 250 kg ha -1 P 2 O 5 (Fig.  4b) , as well as greater Mg removal for all P fertilizer treatments. This, was mainly related to the larger tuber DM yields exhibited by Mondial (Fig. 2c) because Agata had higher P and Mg concentrations in the tubers at harvest (Table 3) .
concLusions
In soils with low P availability, that is, when P was not supplied in the planting furrow, both potato cultivars exhibited very similar DM accumulations, tuber yields, and nutrient uptake and allocation to the tubers. Phosphorus fertilization greatly increased the DM accumulation and nutrient uptake and removal of both cultivars. The cultivar Mondial was more responsive to P fertilization, which resulted in greater uptake and removal of N, P, K, Ca, Mg, B, and Zn compared with Agata. Phosphorus fertilization at rates exceeding 500 kg ha -1 P 2 O 5 (222 kg ha -1 P) only increased the uptake of Ca and P and the removal of P; plant growth and tuber yield did not increase above this P rate. The HI and nutrient allocation to the tubers were not affected by P application rates and were similar between the two cultivars. Differences in the nutrient removal by the tubers between the cultivars were more related to the tuber DM yield than the HI. The cultivar Mondial exhibited a higher nutrient demand than Agata, especially under a suitable P supply.
